Semitransparent organic solar cells (STOSCs) show great potential for application as power generating windows for buildings. The power conversion efficiency (PCE) and the average visible transmittance (AVT) are both important parameters with which to evaluate the overall performance of STOSCs. However, it is very challenging to simultaneously improve these two performance parameters because they are intrinsically contradictory to each other. In this work, the optical and photovoltaic properties of STOSCs are investigated based on two model samples including PTB7-Th:PC 61 BM and PTB7-Th:PC 71 BM by systematically tuning their device structures. By combining optical modeling and experimental results, a full optical analysis is provided for the STOSCs with details on photon harvesting, optical losses, transmission properties, energy distribution spectrum, electric field intensity distribution, and photon absorption rate distribution within the devices. Defined as the sum of the external quantum efficiency and the transmittance, the term "quantum utilization efficiency" is used as a subjective parameter to describe the light energy use in the semitransparent devices, which provides an alternative angle for analyzing STOSCs.
Introduction
Organic solar cells (OSCs) are a promising low-cost photovoltaic technology that can be made by roll-to-roll printing of organic materials onto large, lightweight, and flexible substrates. [1, 2] These advantages open up new solar energy applications such as portable power sources and building integrated photovoltaics (PV) that require better form factors. An even more appealing feature of OSCs is that they can be made semitransparent in appearance with the use of transparent conducting films as both the front and rear electrodes, which can be applied as power generating windows that could outperform inorganic PVs. [3] [4] [5] [6] [7] The best reported power conversion efficiency (PCE) for opaque OSCs has reached 12-14%, [8] [9] [10] which illuminates the commercialization of this solar cell technology. However, unlike that of their opaque counterparts, the performance of semitransparent organic solar cells (STOSCs) is evaluated not only by their PCE but also by the transparency level and color. Therefore, the development of STOSCs with an optimal balance between efficiency and visual properties that can fulfill the application needs for power generating windows is the ultimate goal for this technology.
Many strategies can be adopted to improve the performance of STOSCs. From the materials aspect, the development of new light harvesting materials including both polymer donors and non-fullerene acceptors with absorption extended to the infrared region while having minimal visible light absorption can allow the STOSCs to have high transparency but also maintain good performance by harvesting infrared photons. [11] [12] [13] [14] From the device engineering aspect, optical management is also critical to balance the light harvesting and transmitting properties of the STOSCs. For example, Martorell and co-workers constructed an optical metal cavity configuration together with an antireflection coating and a Bragg reflector that can optimize the photon trapping property inside the STOSC while ensuring a high visible transparency. [15] In addition to efficiency and transparency, other characteristics of semitransparent solar cells such as their color property, rendering capability, and heat isolation ratio are also considered as important parameters to evaluate their performance. [3] Because the optical design of STOSCs is critically important to optimizing their performance, optical simulation becomes a powerful means of providing design guidelines for optimal device architecture. Brabec et al. used optical simulation to predict the performance of semitransparent devices based on a low-bandgap polymer and their color variation range. [16] They examined the interplay between efficiency, transparency, and color based on the external quantum efficiency (EQE) spectrum and found that tunable color and transparency of the STOSCs can be achieved when the bandgap and the device structures are optimized. [17] Jen et al. successfully used optical model to accurately portray the optical behaviors of the inverted PBDTTT-C-T:PC 71 BM based STOSC and a series of STOSCs with high PCEs and average visible transmittances (AVTs) with neutral color were fabricated. [18] Lin et al. introduced the concept of using a microcavity-embedded structure which composed of a single transparent organic layer sandwiched between silver thin films as the cathode for the STOSCs. Guided by optical model, the microcavity effect was tuned by varying the thickness of the organic layer and resulted in a series of colorful semitransparent devices. [19] Martorell et al. used optical model to design a nonperiodic one-dimensional photonic crystals (1DPC) on top of the STOSC to trap near-infrared and near-ultraviolet photons, which recovers 80% of the photon-to-charge conversion of its opaque counterpart while preserving 30% of the visible light transmission. [20] Similarly, Shen et al. used 1DPC to simultaneously improve PCE and the color rendering index (CRI) of STOSC. Optical simulation was performed to provide direct evidence that the PCE enhancement was the result of the enhanced light absorption. [21] Among these works, optical simulation was usually used to design device structure or explain improvements of device performance. However, how does the performance of STOSC depend on its opaque counterpart? What are the key factors to improving bulk heterojunction (BHJ) absorption without sacrificing device transmittance or vice versa? How do we better evaluate and compare the performance of STOSCs reported with different transparency levels? These questions are important for the rational design of better STOSCs but they are rarely discussed in the literature. Therefore, in this study, we aim to address these questions systematically by investigating the relationship between the two main and contradictory properties of STOSC, which are the power conversion ability and transparency, from the optics viewpoint. Two classic BHJ systems of PTB7-Th respectively blended with PC 61 BM and PC 71 BM were chosen for this study (Figure 1a) . The optical properties and solar cell performance were evaluated by tuning the thickness of the BHJ layer and the top transparent Ag electrode in a conventional structure as shown in Figure 1b . Optical modeling based on the transfer matrix method (TMM) [22] was performed to analyze the optical properties of the STOSCs and to predict the relationship between light harvesting, optical losses, and transmission properties. By analyzing the energy use and loss of the devices, we successfully explain the variation of STOSC performance and provide design guidelines to optimize the thickness of different layers within the STOSCs. The electric field intensity |E| 2 distributions within the device are also shown to illustrate the light propagation process and device optical properties. On the basis of the experimental results and optics analysis, we establish general guidelines for further improvement of STOSCs.
Results and Discussion

Simulation and Experimental Results
The chemical structures of the donor and acceptors are shown in Figure 1a . PC 61 BM and PC 71 BM were chosen as acceptors because they have similar electronic properties, and both are proven to be efficient acceptors for OSCs. The major difference between these two fullerenes is that PC 71 BM has stronger absorption in the visible range, which provides good tunability for the optical property of the STOSCs. A conventional device structure of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrenesulfonate (PEDOT:PSS)/BHJ/PFN-Br/Ag as shown in Figure 1b is used for this work, and the vertical incident light comes from the glass side. Figure 1c shows the refractive index (n) and the extinction coefficient (k) of PTB7-Th: PC 61 BM and PTB7-Th:PC 71 BM blend films (n, k values of other materials can be seen in Figure S1 , Supporting Information), which were measured by a spectroscopic ellipsometer. From the k value curves, we can see that PTB7-Th:PC 71 BM can absorb more light in the wavelength range of 350%600 nm than PTB7-Th:PC 61 BM due to the better light harvesting property of PC 71 BM. First, opaque devices with optimal active layer thickness and thick Ag mirror electrode were fabricated, and their photovoltaic parameters are summarized in Table 1 . These two devices have similar open circuit voltage (V oc ) and fill factor (FF), and the factor that determines performance is the J sc , which is governed by the difference in absorption of the fullerenes in this case. Although PTB7-Th:PC 71 BM performs better in opaque cells, it may lead to lesser transmittance due to its stronger visible absorption. In contrast, PTB7-Th:PC 61 BM based STOSCs may show better transmittance but lower PCEs. Therefore it is so far unknown to us which BHJ system will have a better property for STOSC.
To investigate the performance of PTB7-Th:PC 61 BM based STOSCs and PTB7-Th:PC 71 BM based STOSCs, optical simulation was performed to predict the PCE and AVT of devices with different BHJ and Ag electrode thicknesses, which are the key parameters that govern the optical and performance properties of the STOSCs. Referring to the standard from International Commission on Illumination (CIE), we define the calculation range for AVT to be 380%780 nm. [23] In addition, since the optical model used in this study only takes optical properties of device into account, the simulated J sc is an ideal value based on the assumption of 100% internal quantum efficiency (IQE), that is, all absorbed photons are contributing to the steady state photocurrent. Based on the ideal simulated J sc , the ideal PCE can be calculated by multiplying the values of V oc and FF obtained in the optimized devices. We also define the term "average IQE" as the division of the measured J sc by the simulated J sc , as summarized in Table 1 for the opaque devices. The small difference found between the average IQE of the two BHJ systems indicates that their performance difference is mainly induced by the absorption from the active layer, which motivates us to further study the optical properties of the STOSCs. Based on the aforementioned assumptions, the simulated PCE for the STOSCs (PCE sim-st ) can be described by the following formula,
where sim and exp represent the simulated value and the experimental value, respectively, and opa indicates that the value is from an opaque device. Here, we assume that IQE average , V oc , and FF used in the formula are based on the values obtained in the optimized opaque cell. The simulation results for the STOSCs with various Ag and BHJ thicknesses are shown in Figure 2a . Each point in this figure represents four parameters of one device structure. AVT and PCE can be found in the master figure, and the BHJ and Ag electrode thicknesses can be found in the insert figure. From Figure 2a , we can observe that because PTB7-Th:PC 71 BM has stronger absorption, a device based on PTB7-Th:PC 71 BM has a higher PCE, but as a consequence, its lower transmittance leads to a lower AVT when compared with the PTB7-Th:PC 61 BM based device with the same thickness parameters. However, in terms of the overall properties of STOSCs, we want to achieve a device with performance pointing toward the upper right portion of the master figure, and the PTB7-Th:PC 71 BM based device apparently offers better performance than that fabricated with PTB7-Th:PC 61 BM. Another observation in Figure 2a is that the dotted lines are all approximately straight, which means that PCE is linear to AVT when the BHJ thickness is fixed and the Ag thickness is varied. In addition, all solid lines are curved lines with one inflection point, which is attributed to the change in coherency of the optical electric field when varying the BHJ thickness. On the basis of this analysis in Figure 2a , we can construct the so-called optimum curve of each BHJ system consisting of points with the highest PCE for each AVT, as shown in Figure 2b . Each optimum curve can be divided into three regions, with regions I, II, and III corresponding to high, medium, and low AVT, respectively. In region II, a linear relationship between the PCE and AVT was observed for STOSCs with a medium AVT. Interestingly, the optimum points within this region were all obtained with roughly the same BHJ thickness (%70 nm for both systems, appearing as red dotted lines in Figure 2a ) but different Ag transparent electrode thicknesses. We attribute this finding to the optimized optical interference within the BHJ layer with maximized light harvesting property and minimized optical loss regardless of the Ag thickness, which is further discussed later. Although regions I and III represent the best simulated PCEs with low and high AVT, respectively, in both cases, the optimal device structures are based on the thinnest Ag electrode (10 nm) but different BHJ thicknesses. In region III, the optimum curve is obtained from thicker BHJ films with thickness range of 150-180 nm. In region I, the optimum curve is obtained from thin BHJ films with a thickness of less than 55 nm. A further increase in AVT will require further reduction of the BHJ and Ag thicknesses, but this becomes unrealistic considering the difficulty in achieving uniform ultrathin BHJ film and also the increase in electrical resistance for Ag film thinner than 10 nm. In addition, further increase in BHJ thickness is also not under our consideration because the AVT will be very low, and also the thicker BHJ film will suffer from severe recombination loss due to the low mobility of organic semiconductors.
Guided by the simulation presented in Figure 2b , we fabricated a series of STOSCs with different BHJ and Ag electrode thicknesses, and the experimental PV parameters of selected devices are plotted together with the simulated data and the detail performance is summarized in Table 2 . The J-V curves and transmittance spectrum for a few selected devices are also plotted in Figure 2c and d, respectively. We also use a particular set of symbols throughout Figure 2b -d to represent each STOSC structure. In Figure 2b , the PV parameters for most of the STOSCs obtained experimentally match well with the simulated ones, particularly those in region II. When the BHJ is too thick (device a, A), the FF drops significantly because of the more severe charge recombination, so the performance deviates from the simulated result. As shown in Figure 2d , for all STOSCs with different structures, the transmittance of the PTB7-Th:PC 61 BM based device is always higher than that of the PTB7-Th:PC 71 BM one, which is due to the weaker absorption of PC 61 BM from 350 to 600 nm. Consequently, the PC 61 BM based devices are less efficient than their PC 71 BM based counterparts.
Quantum Utilization Efficiency
To study the reason that the corresponding devices on the optimum curve have better overall STOSC properties and the PTB7-Th:PC 71 BM based devices perform better than the PTB7-Th:PC 61 BM based devices in general, we further investigated their optical properties. As we know, EQE is generally used to describe the use of photons in solar cell. However, in the case of STOSC, photons that pass through the device are also useful and contribute to the cell's transmittance. Therefore, here we simply define a new term "quantum utilization efficiency" (QUE), which is the sum of EQE and transmittance, in order to provide a better evaluation of the overall properties of STOSCs.
The formula used for the simulation of QUE is described as
where T sim is the simulated transmittance, EQE sim is the simulated EQE based on the assumption of 100% IQE, and J sc-exp-opa and J sc-sim-opa are the experimental and simulated J sc of www.advancedsciencenews.com www.solar-rrl.com the opaque device, respectively. Here, because AVT ranges from 380 to 780 nm and the absorption edges of both PTB7-Th: PC 61 BM and PTB7-Th:PC 71 BM are around 800 nm, when we calculated the average QUE for the devices with different BHJ and Ag electrode thicknesses, we used 300-800 nm for averaging. The simulation results of the PTB7-Th:PC 71 BM based devices are shown in Figure 3a , and the analogous simulations for PTB7-Th:PC 61 BM based devices are shown in Figure S2a in the supplementary information. The dotted lines are AVT contour lines, and the number by each line represents the value of AVT. The blue star symbols indicate the devices with the highest simulated average QUE for each AVT. From these two figures we can see that when fixing the Ag electrode thickness and varying the BHJ thickness, AVT is inversely proportional to the BHJ thickness but the variation of average QUE is non-monotonic due to the effect of optical coherency within the devices. On a low or a high AVT contour line, the highest average QUE is achieved with the thinnest Ag electrode. However, for all contour lines with medium AVT, the BHJ thicknesses of the devices with the highest average QUE are close to each other, %75 nm for PTB7-Th:PC 61 BM and %70 nm for PTB7-Th:PC 71 BM, and these results are in good agreement with those shown in Figure 2a . When fixing BHJ thickness and increasing Ag electrode thickness, both the average QUE and AVT decrease monotonically. When the Ag electrode becomes thick enough, the device nearly loses its transparency, so the QUE is approximately equal to the EQE. The average QUE of whichever BHJ based opaque cell is much lower than its corresponding semitransparent cell, which means that the STOSC can use the incident photons more efficiently. In opaque cells, the incident light is either absorbed by the active layer or wasted due to other optical losses (which are further analyzed in section 2.3), but if the cell becomes semitransparent, although the device will still sacrifice some absorbed light energy, the optical losses will also be suppressed with a reasonably designed device structure. The reduction of both the BHJ absorption and optical losses in the STOSC will eventually contribute to the transmittance light. By extracting the critical AVTs and QUEs (from the star symbols) in Figure 3a and Figure S2a , Supporting Information, we can simply replot the data in Figure 3b , thus showing the relationship between AVT and the highest average QUEs for the STOSCs of the two different BHJ systems. Similar to Figure 2b , each line is divided into regions I, II, and III, which are corresponding to high, medium, and low AVT. The PTB7-Th: PC 71 BM based STOSCs have an apparently higher average QUE than the PTB7-Th:PC 61 BM based ones over almost the whole AVT range, which leads to a better overall device performance. The average QUEs of the experimental devices are summarized in Table 2 and plotted accordingly in Figure 3b using corresponding symbols resemble of those reported in Figure 2b . In general, the overall trends of the experimental AVT-average QUE for both systems are in good agreement with the predicted trends from simulation. To further verify the coherency between the simulated and experimental results, the corresponding simulated and experimental EQE and QUE spectrums of the representative PTB7-Th:PC 71 BM based STOSCs are shown in Figure 3c and d, respectively, whereas those of the PTB7-Th:PC 61 BM based devices can be seen in Figure S2b and c, Supporting Information. As the figures shown, the trends for both the EQE and QUE spectrums obtained from experiments and simulations match well with each other, further suggesting that optical simulation offers a powerful means to guide the design of STOSC device structure with desired performance and optical properties.
Optical Loss
As mentioned above, we found that STOSC can make better use of incident light than its opaque counterpart. To fully analyze this www.advancedsciencenews.com www.solar-rrl.com finding, we further investigated the optical loss of the devices by simulations and the result is shown in Figure 4 . In addition to the reflection loss, the waste of light energy within the device is mainly attributed to parasite absorption such as energy dissipation in the interface layers and electrodes. In Figure 4 , we provide a detailed analysis of the losses to reflection and parasite absorption for the STOSCs. Figure 4a presents the optical loss analysis for the PTB7-Th:PC 71 BM based devices. The thickness matrix of the BHJ and Ag films we used in the simulation is the same as that shown in Figure 2a , and they are presented with the same color lines. The simulated optical losses of the opaque cells are also plotted as black dotted lines for comparison. Reflection and parasite absorption were calculated by averaging their respective spectrum from 300 to 800 nm as light outside of this range is neither absorbed by the active layer nor contributes to AVT. We can see that the overall optical loss of the opaque cell is indeed larger than that of the STOSC over the full range of AVT, with a particularly large reflection loss for the opaque cells. Similar results are also found in the case of the PTB7-Th:PC 61 BM based device, and an analogous plot is shown in Figure S3a in the supplementary information. In terms of PTB7-Th:PC 71 BM, in both the high and low AVTregions, devices with the thinnest Ag electrode always have a relative low reflection and a relatively low parasite absorption so that their optical losses are the smallest. In the medium AVT region, the device with BHJ thickness less than around 70 nm has relatively low light reflection but reflection will increase about 5% when the BHJ thickness rises to about 100 nm. The device with BHJ thicker than around 100 nm has an identical parasite absorption but it will increase monotonically if we decreased the BHJ thickness to less than 100 nm. Taking these two aspects of device optical loss into account, for the medium AVT region, STOSCs with BHJ thickness around 70 nm can achieve a good balance between reflection and parasite absorption, which gives rise to their better overall STOSC performances. We further investigated the optical loss of the selected data point in the aforementioned optimum curve and plot it for both BHJ systems in Figure 4b for comparison. The parasite absorptions of these two systems are similar, but the reflection of the PTB7-Th: PC 71 BM based cell is much lower than that of the PTB7-Th: PC 61 BM based cell over most of the AVT range, which is an important factor leading to the better performance of PTB7-Th: PC 71 BM in STOSCs. Figure 4c clearly shows the parasite absorption of each layer. We can see that parasite absorptions of glass, ITO and PFN-Br are around 4.5, 4.5, and 1.5%, respectively, and these values only www.advancedsciencenews.com www.solar-rrl.com change slightly with the variations of BHJ and Ag electrode thicknesses, so the light energy wastes in these layers are inevitable. Unlike these layers, parasite absorptions of PEDOT: PSS and the Ag electrode are more dependent on the BHJ and Ag layer thicknesses. The former will fall and then rise with the increase of BHJ thickness and the latter will increase monotonically with increasing Ag thickness or decreasing BHJ thickness. Because the major parasite absorption is contributed by the PEDOT:PSS and Ag films, a simple strategy to minimize the overall optical loss is to reduce the parasite absorption for both of these films, which can be controlled by fine tuning the BHJ thickness. From the aforementioned analysis, we conclude that if we increase the Ag electrode thickness of the STOSC in the high AVT region, the parasite absorption of both PEDOT:PSS and Ag will increase but the increase of the BHJ thickness will lead to the opposite effect. Therefore, we should make the Ag electrode as thin as possible from the optical viewpoint. In contrast, the reason to also keep a minimum Ag electrode thickness for STOSC with a low AVT is that the reflection of the device will rise or fall if we increase the thickness of Ag electrode or BHJ film, respectively. In such a case, the parasite absorption remains unchanged because the increase in absorption from the PEDOT:PSS layer will be offset by the decrease in absorption from the Ag electrode. These conclusions are also valid for the case of PTB7-Th:PC 61 BM based STOSCs, for which the parasite absorption of different layers is summarized in Figure S3b , Supporting Information, indicating that parasite absorption is weakly dependent on the BHJ systems investigated in this work.
Electric Field Intensity Distribution
To provide a more in-depth understanding of the changes in optical properties of the studied STOSCs, we also investigate the light propagation properties within the devices. After fixing the Ag electrode thickness at 15 nm, we simulate the electric field intensity (denoted as |E| 2 ) distribution in the devices and the charge generation rate distribution in the BHJ films of different thicknesses. The results were made into dynamic diagrams and are shown in Figure S4 , Supporting Information. The relationships between the charge generation rate (denoted as G) and |E| 2 and between G and J sc-100%IQE are illustrated in Equation (3) and (4), respectively,
where e 0 , h, and e are the permittivity of free space, Planck constant, and elementary charge, respectively, n and k are the real and the imaginary parts of the BHJ complex refractive index (N ¼ n þ kÃi), and I is the light intensity distribution of AM 1.5G solar irradiation. Equation (4) indicates that J scÀ100%IQE is a double integral of G over absorption wavelength range and BHJ thickness. In the case of PTB7-Th:PC 71 BM, we choose four representative BHJ thickness conditions for the simulations. Figure 5a -c respectively. The alternately dark and bright stripes displayed in Figure 5a are the interference patterns of the incident light and reflected light with the same frequency, vibration direction and adverse propagation directions, so the larger the contrast of the alternated stripes, the stronger the reflection. From the observation of Figure 5a and c, when the BHJ is as thin as 30 nm, the insufficient absorption leads to high reflection from the Ag electrode with a large wavelength range. When the BHJ thickness is increased, the optical interference shifts the absorption peak to the center of the BHJ and gradually leads to an increase in J sc . At the same time, the reflection from 450 to 750 nm is greatly reduced in the 60 nm BHJ film although it slightly rises in the ultraviolet region. The 110 nm BHJ also shows major absorption close to the center of the film, but its intensity drops greatly because the relatively high reflection in almost all wavelengths takes away much of the energy. If the BHJ is very thick, the reflection from the Ag electrode will then drop again, and the reabsorption will lead to small reflection from the stacked films.
In terms of PEDOT:PSS, when the BHJ is 30 nm, the intense constructive interference is exactly located in the middle of the PEDOT:PSS film because of its relatively high parasite absorption. Due to the movement of the interference peak, |E| 2 drops rapidly with the increase of BHJ thickness. Because the extinction coefficient of PEDOT:PSS decreases with increasing wavelengths, the PEDOT:PSS absorption with a 110 nm BHJ film is the smallest due to its relatively low |E| 2 in the infrared region. We can learn from this analysis that except for the prevention of high parasite absorption, the thickness of each layer within the device structure should be fine-tuned to create a destructive interference of the reflected lights from the stacked films. In other words, we are trying to make the stacked films act as an efficient antireflection system for most of the wavelengths. Otherwise, low reflection can only be achieved by a thick BHJ, which will limit the transparency of the STOSC. In Figure S4c , Supporting Information, we also illustrate the changes in |E| 2 with different Ag electrode thickness in a 70 nm PTB7-Th:PC 71 BM-based device. From that dynamic diagram we can see that Ag thickness has little influence on the relative distribution of |E| 2 but mainly changes the field intensity in the BHJ layer. Thus, the optimal antireflective characteristic and the relatively small parasite absorption can be maintained for the devices with a 70 nm BHJ film. Therefore, based on this optimal BHJ film, a series of decent STOSCs with different AVT in the medium range can be achieved by simply changing the Ag thickness.
Finally, from the detailed analyses of the different optical properties in the STOSCs in the previous sections, we can now summarize the light energy distributions within the device in terms of quantum energy, parasite absorption, reflection, and transmission in one single plot, as shown in Figure 6a . The plot is based on a representative PTB7-Th:PC 71 BM based STOSC (device E). Except for the measured EQE (blue solid line) and transmission spectrum (black solid line), the other spectrums are based on simulated results. The simulated transmission (black dashed line) spectrum is also plotted for reference, and we can see that the experimental and simulated transmission spectrums are closely matched, further suggesting the accuracy of the simulation. The portion related to parasite absorption, which lies between the two red solid lines, is divided by four colored dashed lines, and from top to bottom, the five areas www.advancedsciencenews.com www.solar-rrl.com between the lines correspond to the portion of absorption from glass, ITO, PEDOT:PSS, PFN-Br, and Ag, respectively. The sum of IQE loss and EQE indicates the active layer absorption. The relative J sc weighting function (denoted as JWF) and the relative AVT weighting function (denoted as AWF, the spectrum is plotted up-side-down for easier comparison with the transmittance spectrum) are also plotted (the absolute values of these two weighting functions are shown in Figure S5 , Supporting Information), and their respective relationship with EQE or transmittance (denoted as T) is defined as
AVT¼ Z TÃAWFÃdλ ð6Þ Figure 6b and c, respectively, shows the |E| 2 distribution and the photon absorption rate distribution together with its integral over wavelength. In fact, the photon absorption rate of the BHJ is equal to its charge generation rate. These figures indicate that the relatively good overall properties of this device can be attributed to the small and balanced reflection and parasite absorption, which is in good agreement with the conclusion of the aforementioned analysis.
With the thorough optical analysis for the STOSCs, we can now conclude that there is still room to improve the performance of STOSCs from the following four main aspects: (1) From the aspect of parasite absorption, the interface layers and electrode layers, especially those between the light source and the BHJ, should be as transparent as possible. Otherwise, tuning the device structure to create a destructive interference in their intense absorption wavelength ranges is also possible to reduce parasite absorption; (2) From the consideration of reflection, the entire device should have an antireflection structure for most wavelengths, which can be achieved by thickness optimization or device structure engineering, further application of an antireflection coating may also help to reduce the overall reflection; (3) From the analysis of the AVT weighting function and the J sc weighting function, we can see that the ultraviolet and infrared absorption are very important for STOSCs, which unilaterally increase J sc without influencing AVT. However, because the J sc weighting function in the ultraviolet is very small, there is limited room for improvement in this region. Therefore, a BHJ system with strong absorption in the near-infrared region will be very useful in improving the overall property of STOSCs; and (4) From the materials aspect, BHJ systems that show intrinsically high PCE with high V oc , FF, and also IQE will always be important in achieving high-performance STOSCs.
Conclusion
In conclusion, from the optics viewpoint, we investigate STOSCs based on two BHJ systems, PTB7-Th:PC 61 BM and PTB7-Th: PC 71 BM, which have different optical properties but similar electronic and electrical properties. Based on the optical simulations, we analyze the optical utilization and optical losses In more detail, the energy distribution spectrum, electric field intensity distribution and photon absorption rate distribution are also simulated to study the light propagations in device. As the sum of EQE and transmittance, the QUE can not only uniformly describe the contradictory lighting harvesting and transmittance properties of device, but also indirectly reflect the opposite optical utilization and loss of device. We highlight the possibility of using this newly proposed concept as a subjective parameter to describe the light energy use in the semitransparent devices, which provides an alternative angle for analyzing STOSCs. In addition, we also identify the different optical losses presented in the STOSCs and provide suggestions to improve device performance by minimizing these optical losses from the aspects of the choice of proper materials and optimization of device architectures. Considering that one of the most promising applications for organic solar cells is to serve as power generating windows and there are increasing interests in this research field, this study not only demonstrate a general method to study optical properties of the STOSCs but also discusses the strategies to further improve this emerging solar cell technology, paving the way for the future commercialization of STOSCs.
Experimental Section
Materials and Solution Preparation: The interface material PFN-Br and donor polymer PTB7-Th were both purchased from 1-Materials Inc. The PFN-Br solution was prepared according to the reported procedure. [24] PC 61 BM and PC 71 BM were purchased from Solenne B. V.. PEDOT:PSS (Clevios P VP Al 4083) was purchased from Heraeus. Unless otherwise stated, all reagents and solvents were commercially available products and were used as received. PTB7-Th:PCBM solution was prepared with a ratio of w:w ¼ 1:1.5 in mixed solvent CB:DIO (v:v ¼ 97:3).
Device Fabrication: The OSCs with the structure of ITO/PEDOT:PSS/ BHJ/PFN-Br/Ag were fabricated using the following procedures. ITO substrates were sequentially rinsed under sonication with acetone, detergent, deionized water, and isopropyl alcohol and then dried in a baking oven overnight, followed by a 4 min plasma treatment. The PEDOT:PSS layer was spin-coated on the ITO substrates at 3500 rpm for 30 s and then baked at 150 C for 10 min in air. Subsequently, the substrates were transferred into an N 2 -filled glove box for spin-coating of the photoactive layer. Solution concentration and spinning speed were controlled simultaneously to form BHJ film with different thicknesses which were determined by a surface profiler (Alfa Step-500, Tencor). The resulting photoactive layer was dried in vacuum overnight before spincoating of the interface layer PFN-Br at 2000 rpm for 30 s. Finally, Ag electrode with different thicknesses was thermal evaporated through a shadow mask to define the active area (0.0516 cm 2 ) of the device. Device Characterization: To improve the accuracy of measurement, the current density-voltage (J-V) curves of all devices were measured by masking the active area with a metal mask of 0.04 cm 2 . The device photocurrent was measured under an AM 1.5G solar simulator (Taiwan, Entelich). The J-V characteristics for the devices were recorded with a Keithley 2400 source meter, no applied bias or light soaking process was applied before J-V curve measurement. The illumination intensity of the light source was calibrated before the test using a standard silicon solar cell with a KG5 filter, calibrated using a National Renewable Energy Laboratory (NREL) calibrated silicon photodiode, giving a value of 100 m W cm À2 in the test. All the J-V curves reported in this manuscript were tested by sweeping the J-V measurement from forward direction (from short-circuit to open-circuit) with a scan rate of 2 V s À1 . External quantum efficiency spectra were measured by using a Solar Cell Spectral Response Measurement System QE-R3011 (Enlitech Co., Ltd.). The light intensity at each wavelength was calibrated using a standard single crystal Si photovoltaic cell. Transmittance spectrum was recorded on an HP 8453 spectrophotometer (Edinburgh Instruments) and air was used as the reference to make the transmittance an absolute value. The device used for transmittance test and its corresponding device used for J-V measurement were fabricated in the same batch, and their only difference was that the Ag electrode of the former was evaporated without a shadow mask to ensure that the active area of the device was large enough for the test spot.
Optical Model: The optical model based on TMM can predict the performance of device with certain structure. TMM numerically analyzes the propagation of light incident on stacks of layers. This theory assumes that all layers are homogeneous and their interfaces are flat and parallel so that each layer can just be described by its thickness and optical parameter so-called complex refractive index (N ¼ n þ kÃi) which consists of refractive index (n) and extinction coefficient (k) and all of these parameters can be determined by spectroscopic ellipsometry (ME-L ellipsometer, Wuhan Eoptics Technology Co.). In addition, the incident light should be described by plane waves. Based on these aforementioned assumptions, light propagation in medium or at interface can be skillfully described by matrices due to the linearity and continuity of electric field component. TMM takes account of the effects of light wave character and reflection and transmission at medium interface so it can give a precise description of light propagation in layer stack. Optical model can calculate the optical electric field intensity |E| 2 at each position of the entire multilayered structure. Then we can use the relationship between |E| 2 and absorption strength to obtain the energy distribution and its derivative values. For example, short circuit current density (J sc ) of device can be achieved after integrating the light intensity weighted absorbed energy in active layer. Because this model just considers the optics aspect, the calculated J sc is an ideal value based on 100% internal quantum efficiency (IQE), that is, all absorbed photons are contributing to the steady state photocurrent.
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